We present a photoacoustic microscopy (PAM) technique with an optical sectioning capability. By combining crossoptical-beam illumination with nonlinear PAM, an axial resolution of 8.7 µm was measured, demonstrating a fourfold improvement over the acoustically determined value. Compared to methods relying on high-frequency ultrasound transducers to improve the axial resolution, our approach offers a greater working distance and a higher signal-to-noise ratio.
INTRODUCTION
Optical resolution photoacoustic microscopy (OR-PAM) has demonstrated great potential in functional and molecular imaging both in vivo and in vitro 1, 2 , due to its high spatial resolution. In most of the current OR-PAM systems, optical diffraction-limited lateral resolution has been achieved up to the sub-micron level 3 . However, they rely on time-resolved acoustic detection to provide an axial resolution of around tens of microns. In the past decade, many strategies have been proposed to enhance the axial resolution of OR-PAM systems. The predominant approach is to increase the bandwidth of detected acoustic signals by using high frequency, broadband sensors 4, 5, 6 . However, due to the severe attenuation that high frequency acoustic waves experience in biological tissue, the use of broadband sensors usually results in low signal-tonoise ratio (SNR). Additionally, broadband sensors usually suffer from a limited working distance, which makes these techniques harder to implement in reflection mode systems. Recently, optical sectioning has been demonstrated in PAM through the use of nonlinear photoacoustic signals 7 . In these methods, optical nonlinearity is used to confine the generation of nonlinear PA signals within a small and optically defined volume. Similar to optical sectioning techniques in other optical microscopy, the axial resolution generated by these methods depends on the numerical aperture (NA) of the optical system. In general, higher NA is required to provide an axial resolution better than the acoustically defined value in conventional OR-PAM. However, the use of high-NA objectives reduces the system's flexibility for in vivo imaging. To overcome these limitations, we developed an optical sectioning OR-PAM by integrating cross-beam illumination with nonlinear photoacoustic effects. By employing cross-beam illumination with two low NA objectives, we created an optically-confined excitation volume. Furthermore, by leveraging nonlinear effects such as absorption saturation and nonlinear thermal expansion, we extracted signals associated with higher-order fluence distribution. Since low-NA objectives and ultrasound transducers with relatively low bandwidth are allowed, the system's working distance reaches the centimeter scale.
THEORY AND MODELING
When optically absorbing materials, including biological tissue, are pumped by sufficient light energy, the amplitude of the generated PA signal becomes nonlinearly dependent on the input energy. The major sources of such photoacoustic nonlinearity include absorption saturation 8 and temperature dependence of the thermal expansion coefficient 9 . Such a nonlinear relationship between PA amplitude and input energy carries information that is related to higher-order optical fluence distribution. To extract this information and form an image with a better resolution, multiple A-lines are acquired at each scanning position with different pulse energies. A curve of pulse energy vs. PA amplitude is then formed and fitted to a 3 rd order polynomial model, and the 3 rd order coefficient of the fitted model is used as the value of this voxel. By modeling these two major resources of nonlinearity, the n-th order coefficient extracted from the described procedure is formed as:
where 1 , 2 are constants, 0 is the unsaturated absorption coefficient, and ̂ is the optical fluence distribution of the focusing system. This analysis predicts that the spatial resolution of the n-th order image is determined by the n-th order fluence distribution. In theory, a direct implementation of this technique can equip a conventional, single-illumination OR-PAM system with optical sectioning capability. However, when low-NA objectives are used, the axial resolution provided by this optical sectioning capability is not ideal. Take our experimental setup (fully described later) for example. With an optical NA of 0.1 and 532 nm wavelength, the full width at half maximum (FWHM) of the linear fluence distribution along the axial direction is approximately 95.8 μm. If the 3 rd order coefficient is extracted, the improved axial resolution is 55.3 μm, which is worse than the typical acoustically determined value. Our idea is to combine photoacoustic nonlinearity with cross-beam illumination in low-NA objective based OR-PAM, in order to enhance axial resolution while maintain a relatively long working distance. Cross-beam illumination will create an optically confined, high intensity confocal area, as shown in Figure 1(b) . By extracting the 3 rd order coefficient, the response from outside of the confocal area is further suppressed, as shown in Figure 1(c) . To demonstrate the feasibility of this idea, we modelled the point spread function (PSF) of the proposed method. Modeling was done using the Fresnel diffraction theory in a clear medium 10 . First, the optical fluence distribution produced by a thin, ideal lens with a circular aperture and 0.1 NA was calculated at each plane perpendicular to the lens' optical axis, around the focal point. The single illumination PSF was obtained by taking the cube of this distribution (see Figure 2 , blue, dashed curve). The optical fluence distribution produced by cross-beam illumination was calculated by adding two single-lens fluence distribution together. The corresponding PSF was obtained again by taking the cube of this distribution (see Figure 2 , red, solid curve). Along the optical axes of both lenses, the cross-beam PSF has a FWHM of 2.5 μm, while single illumination PSF has a FWHM of 57.5 μm. In the lateral direction, on the other hand, both PSFs have the same shape and same FWHM of 1.5 μm. Figure 1 shows the experimental setup. The system employs an Nd: YVO4 laser (AOT-YVO-100Q, AOT Inc.) as the light source (wavelength 532 nm). A variable neutral density (ND) filter (NDC-50C-2M, Thorlabs) is placed right after the laser output and adjusted by a stepper motor to vary the pulse energy. The output laser beam (8 kHz repetition rate, 2 ns pulse width) is then sent through a spatial filter consisting of two lenses (LA1131, Thorlabs) and a 50-µm pinhole (P50C, Thorlabs). The pulse energy is monitored by a photodiode (PD) sensor. Then, the laser beam is split into 2 beams using a polarization-based variable beam splitter. Each of these two beams is directed through an objective lens (UIS2 PLN4X, NA of 0.1, Olympus) and focused on the sample, both vertically from the bottom and horizontally from the side. The side illumination is deferred by a delay line consisting of two mirrors and a corner mirror, so that the time delay can be adjusted to make the temporal profile of the two illuminations overlap at the sample. The sample is mounted on a cover glass and immersed in water. Acoustic waves are detected from the top. We also built a custom-made focused ultrasonic transducer (central frequency ~ 48 MHz, bandwidth ~ 38 MHz), with long working distance (11 mm), to persist our overall working distance at the centimeter level. 
EXPERIMENTS AND RESULTS
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We quantified the resolution along both axial and lateral directions by imaging a thin layer of ink. We first moved the sample to the confocal spot and scanned it in one direction. The axial PSF is interpolated under the assumption of symmetry. The lateral resolution was quantified by imaging a thin ink layer with a sharp edge. The results from the axial resolution measurement were interpolated to a cubic spline because the shape of the axial point spread function (PSF) is not Gaussian. The full width at half maximum (FWHM) of the interpolated curve is 8.68 µm. In the lateral resolution measurement, an edge spread function (ESF) was obtained. The data were fitted to an error function model, and the FWHM of the corresponding Gaussian PSF is 5.14 µm. On the other hand, the acoustically determined axial resolution (FWHM) can be estimated by this formula 4 , 0.88 / , where is the speed of sound in the surrounding medium and is the bandwidth of acoustic detection. In our experimental setup, the acoustically determined value is 34.74 μm. Therefore, the measured resolution 8.68 μm is a fourfold improvement over the acoustically determined axial resolution.
CONCLUSION
As we demonstrated in our modeling results, the theoretical limit of axial resolution, when 3rd order component is extracted, is 2.5 µm, which is better than the 8.7 µm that we achieved experimentally. This degradation of spatial resolutions is due to the imperfect alignment of the two illumination beams. If better alignment of the two beams can be achieved, using custom-made mounting for example, even better axial resolution is possible.
In conclusion, we have demonstrated the feasibility of achieving optical sectioning using cross-beam nonlinear PAM. The resultant axial resolution is 8.7 µm, a fourfold improvement over the acoustically determined value. Compared to existing high-frequency-transducer-based methods, our method has a centimeter-scale working distance and is not subject to severe attenuation of high-frequency PA waves in biological tissue. 
